INTRODUCTION
C entral to life-history theory is the idea that organisms are resource limited and thus that investment of resources in one trait contributing to fitness reduces investment of resources in other traits (Roff 1992; Stearns 1992) . In many species, males provide both a substantial amount of care to their young and seek to enhance their fitness by trying to mate with more than one female (Ketterson and Nolan 1994) . When the period of caring for the young overlaps with the occurrence of opportunities to gain additional matings, males have to trade parental effort with mating effort (Magrath and Komdeur 2003) . This trade-off will be more pronounced when there are many opportunities for extrapair matings during the provisioning stage, which may occur when breeding synchrony in the population is low or when females reproduce more than once during a single breeding season. The parental effortmating effort trade-off has received considerable attention (e.g., De Ridder et al. 2000; Trainor and Marler 2001; Van Roo et al. 2004; Lynn et al. 2005 Lynn et al. , 2009 , particularly since the finding that extrapair fertilizations are common in most bird species (Griffith et al. 2002) . Hormones are a likely candidate as proximate mediators of life-history trade-offs because hormones typically influence many behaviors simultaneously . In temperate zone birds, the androgen testosterone has been suggested to be an important mediator in the trade-off between paternal effort and mating effort (Wingfield et al. 1990 ; Ketterson and Nolan 1999; Hau 2007) for several reasons. Firstly, in socially monogamous birds, male testosterone concentrations are typically much higher around territory establishment and the female fertile period than during the paternal care phase (e.g., Wingfield et al. 1990; Pinxten et al. 2007; Sasvári et al. 2009 ). Secondly, testosterone implant experiments generally find that males with artificially elevated testosterone concentration during provisioning feed their young at a lower rate than control males (e.g., Saino and Møller 1995; De Ridder et al. 2000; Van Roo et al. 2004; Lynn et al. 2009 ; but see Van Duyse et al. 2000; Lynn et al. 2005) . In other vertebrates, the role of testosterone in the paternal and mating effort tradeoff is less clear. Similar to paternal bird species, male Puerto Rican coquí frogs (Eleutherodactylus coqui) provide extensive paternal care and show a strong decline in plasma testosterone concentration during the parental phase (Townsend and Moger 1987) . However, testosterone implants have no effect on paternal care in this species (Townsend et al. 1991) . In fishes and rodents, male testosterone, which may be elevated during care, does not always have a disruptive effect on paternal behavior, and experimental manipulation does not suggest a causal relationship between testosterone and paternal behavior (Wynne-Edwards and Timonin 2007; Neff and Knapp 2009; and references therein) .
Although most bird studies do indeed suggest that testosterone is an important proximate mediator in the paternal effort-mating effort trade-off, almost all have ignored 2 simple, but important issues. First, seasonal testosterone profiles are typically based on the average testosterone concentrations of many different males from a population. As, within a species or population, the resolution of the paternal effortmating effort trade-off occurs at the level of the individual (Magrath and Komdeur 2003; McGlothlin et al. 2007) , it is important to confirm the population-wide trend with individual patterns of testosterone concentration. Studies doing so are scant, but Beletsky et al. (1989) have shown that in redwinged blackbirds (Agelaius phoeniceus), the testosterone profiles of some males do not necessarily follow the population mean. Similarly, male mandarin voles (Microtus mandarinus) differing in parental responsiveness to pups also differed in how testosterone concentrations changed from before pair formation to after the birth of the first litter (Smorkatcheva et al. 2010) . Secondly, studies using testosterone implant experiments have generally ignored the tremendous variation in male endogenous testosterone concentration that exists within a population, even within the same breeding stage (e.g., Saino and Møller 1994; Kempenaers et al. 2008; this study) . This variation in endogenous testosterone must be present for selection to act. Therefore, to fully understand the role of testosterone in the paternal effort-mating effort trade-off, we must consider the naturally occurring variation in male endogenous testosterone concentration and its relationship with mating and paternal effort (Adkins-Regan 1995; Williams 2008) .
Extrapair mating effort is extremely difficult to measure (Magrath and Komdeur 2003) . Measuring extrapair fertilization success may not be a good surrogate for extrapair mating effort because female extrapair mate choice is influenced by male traits other than extrapair mating effort, such as plumage coloration (Johnsen et al. 1998) or timing of molt (Green et al. 2000) . A better approach would be to relate paternal effort with endogenous testosterone concentration measured in the paternal care phase. However, until now, only a handful of field studies have done so, with mixed results. In male European starlings (Sturnus vulgaris), testosterone concentration was negatively correlated with the proportion of time the male incubates but not correlated with male feeding rate (Pinxten et al. 2007) . McGlothlin et al. (2007) found that in dark-eyed juncos (Junco hyemalis), male feeding rate was not related to testosterone but was negatively correlated with the magnitude of increase in testosterone after injection with gonadotropin-releasing hormone (GnRH). In tawny owls (Strix aluco), males with higher testosterone fed nestlings more frequently and with larger prey (Sasvári et al. 2009 ). In the owl study, it is unclear whether this was a direct effect of testosterone or whether this resulted from males with high testosterone having previously secured the best territories in terms of food availability. Finally, in bluegill sunfish (Lepomis macrochirus), neither male plasma testosterone nor 11-ketotestosterone concentration was related to paternal care (egg tending and brood defense) in the egg stage, but both androgens did show a negative relationship with paternal care (brood defense) during the fry stage (Neff and Knapp 2009) .
To gain more insight into the role of testosterone as a mediator in the trade-off between paternal and mating effort, we assessed whether 1) individual testosterone concentrations are higher around the fertile period of the social mate than during feeding of nestlings and 2) there is a negative relationship between endogenous testosterone concentration and nestling feeding effort. We chose to study the North American male barn swallow (Hirundo rustica erythrogaster) because the seasonal testosterone profile of the population is that of a typical socially monogamous temperate bird, with testosterone concentration being high around the social mate's fertile pe-riod and low during nestling provisioning (Saino and Møller 1994) . Furthermore, testosterone implants reduce feeding effort in male barn swallows (Saino and Møller 1995) . Moreover, extrapair paternity is common (e.g., 31% of young, Kleven et al. 2006 ; 31%, this study), and most females (80% in our study population) lay a second clutch immediately after fledging of the first brood, meaning that the potential for a paternal effort-mating effort trade-off is present. Finally, as barn swallows do not defend a territory to forage, this cannot obscure a relationship between testosterone and feeding effort.
MATERIALS AND METHODS

Study species and site
Barn swallows are small (ca. 20 g) insectivorous semicolonial passerines. North American barn swallows differ phenotypically from the European race (H. r. rustica) in having melaninbased rust-colored feathers extending from the throat down the breast and belly to the vent ). Male coloration is thought to be a sexually selected character . The fieldwork in this study was carried out at 3 barns positioned within a 1 km radius on the Virginia Tech campus (lat 37°13#N, long 80°25#W, elevation ca. 700 m) from April to August 2010. The barns were occupied by 10, 15, and 24 breeding pairs of barn swallows, respectively.
Field procedures
Adults were caught passively using mist nets just previous to or during the egg-laying period and again during feeding of the nestlings. To minimize the possibility that birds were engaged in social interactions, such as territorial aggression and courtship, which may lead to short term changes in testosterone concentration (Wingfield et al. 1990 ), we caught birds in the early morning as they were leaving the barn (all birds caught from 5-7 AM). Immediately after capture (always within 10 min of capture), a blood sample (ca. 150 ll for males and ca. 10 ll for females) was taken from the wing vein. For male samples, the plasma was separated within 4 h of capture and frozen until hormone assaying. Female samples were stored in ethanol at room temperature for later parentage analyses. At first capture, birds received a unique combination of 2 color rings to allow identification at the nest. Length of the 2 outermost tail feathers (averaged and from here referred to as ''tail length'') was measured to the nearest millimeter, and mass was determined to the nearest 0.1 g. A few feathers were plucked from the belly and mounted on an index card for later objective quantification of plumage coloration with an Ocean Optics reflectance spectrophotometer (see below). Birds were sexed by the presence (females) or absence (males) of a brood patch and by observations during incubation of the nestlings. Molecular sexing confirmed all our sexing in the field. Males recaptured during the feeding period (n ¼ 22) were blood sampled (ca. 150 ll) immediately after capture and then weighed, whereas recaptured females were released immediately. Again, the plasma was separated within 4 h of capture and frozen until hormone assaying. For 20 males, we obtained blood samples for testosterone analysis from both around the fertile period of the social mate and during nestling feeding. All morphological measurements were performed by C.E.
First nests were inspected every other day to determine date of clutch initiation and clutch size. Of the 49 pairs that attended a first nest, 39 produced a second clutch. To minimize disturbance of nestling feeding in late first nests, second nests were inspected only weekly. Clutch initiation dates of second nests were estimated on finding chicks in the nest in the following way: Julian date minus 1) the estimated age (days) of the chicks, 2) 18 days (the average incubation period of first clutches in our study population), and 3) brood size minus one (incubation starts with the laying of the penultimate egg; Møller 1994). Observations during incubation and feeding served to determine which birds were associated with which nests, in other words to identify the social parents. A small (ca. 10 ll) blood sample was taken from nestlings a few days after hatching, and a tissue sample was collected if an embryo was present in eggs that failed to hatch. Samples were stored in ethanol at room temperature for later parentage analyses.
All procedures conformed to the guidelines outlined by the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were also approved by the Virginia Tech Animal Care Committee.
Behavioral observations
Observations were conducted only on first nests that were attended by a color-banded male (n ¼ 36). Of these 36 nests, 29 were attended by a female that was also color banded. In these 29 nests, only the owners were observed feeding nestlings, thus, we assumed that all feedings by an unbanded female at a given nest were by the same female. Nestling feeding was filmed, and later quantified, during 3 specific periods: early (oldest nestling 6-8 days old), midway (d10-12), and late (d14-15) in the feeding period. Two of the 3 observations lasted for at least 1 h, whereas a third observation lasted for at least 2 h. The 2-h observations were always made the day before we attempted to recatch males. All observations took place in the morning (between 6 AM-12 PM) and were successful in that 96% of feeding visits could be assigned to a given male or female. Male feeding effort was quantified as the number of male feeding visits divided by the total number of feeding visits. We used a relative measure of feeding effort because this reduces the variation in male feeding effort that results from factors that we did not measure, such as insect prey densities. Compensatory behavior could have artificially increased the variation in this relative measure. For example, if females increase their feeding rate in response to low feeding rate of their mates, our relative measure of male feeding effort decreases more in comparison with absolute male feeding rate. However, pair members did not appear to compensate for each others' feeding effort (see RESULTS).
Plumage color scoring
Each male's feather sample was scored 3 times using the reflectance spectrophotometer. These scores were averaged for each sample to calculate 3 traditional indices of variation in color: hue (wavelength of maximum reflectance), brightness (mean reflectance between 320-700 nm), and saturation (sum of reflectance between 625-700 nm, divided by sum of reflectance between 320-700 nm). Prior to calculations of hue, reflectance curves were smoothed by taking the running median over 5 nm intervals.
Principal components analysis was used to collapse hue, brightness, and saturation scores into a single metric. The first principal component (PC1) explained 81% of the variation in the color scores. Ventral feathers of dark males have higher hue (eigenvector ¼ 0.54) and are more saturated (eigenvector ¼ 0.60) and less bright (eigenvector ¼ 20.59) than those of drab males. In the data analyses, we used this PC1 of color, and in the remainder of the text, we refer to this measure as ''ventral plumage color.''
Hormone analysis
All blood plasma samples from males were analyzed for testosterone in duplicate by radioimmunoassay following the procedures of Wingfield et al. (1991) and Moore et al. (2002) . Sample volumes ranged from 14-77 ll (mean: 55 ll). We performed a direct assay, thus measuring total androgen (testosterone 1 5a-dihydrotestosterone). The limit of detection depended on individual plasma volumes and was approximately 0.14 ng/ml. The samples were run in a single assay with a mean extraction efficiency of 77% and an intra-assay variation of 12.8%. The testosterone antibody used was T-3003s (Fitzgerald: Catalog # WLI-T3003s, New catalog #20R-TR018W). Typically in birds the concentration of endogenous 5a-dihydrotestosterone is extremely low and often undetectable in individual blood samples (e.g., undetectable in 44% of 92 male barn swallow samples, Saino and Møller 1994) , thus endogenous testosterone concentrations will be extremely similar to endogenous total androgen concentrations. We therefore hereafter refer to total androgen as testosterone.
Molecular sexing and parentage analysis
DNA was extracted from blood and tissue samples using a chelex extraction method (Walsh et al. 1991) or salt extraction method (Richardson et al. 2001 ). Sex of all DNA samples was determined following Griffiths et al. (1998) and/or Fridolfsson and Ellegren (1999) . To exclude and assign paternity, parents and chicks were genotyped for 4 microsatellite loci: Esc6 (Hanotte et al. 1994 ), Pocc6 (Bensch et al. 1997) , and Hru5 and Hru6 (Primmer et al. 1995) . Polymerase chain reactions (PCRs) were carried out in 10 ll volume using 20-50 ng of template DNA, a QIAGEN Multiplex PCR Kit and manufacturers protocol. Final primer concentrations were 0.2 lM for Pocc6 and Hru5 and 0.1 lM for Esc6 and Hru6. Microsatellite loci Esc6 and Pocc6 and loci Hru5 and Hru6 were amplified simultaneously using the following PCR program: 15 min 95°C, 35 cycles of 94°C for 30 s, 50°C (Esc6, Pocc6) or 58°C (Hru5, Hru6) for 90 s, and 72°C for 60 s, followed by 60°C for 30 min. Fluorescently labeled PCR products were separated on an AB3730 DNA analyzer. Subsequently, allele lengths were determined using Genemapper 4.0 software. Using Cervus 3.0 (Kalinowski et al. 2007) , mean exclusion probability of the 4 markers was calculated to be 0.9915 for the first parent and 0.9989 when the identity of both social parents was known. Paternity of the social male was excluded if there was at least one mismatch between the genotypes of the social father and nestling, and those nestlings were regarded as extrapair young (EPY).
Data analyses
We used a paired samples t-test to compare individual males' testosterone concentrations measured during the social mate's fertile period and the nestling feeding period because the differences between pairs of testosterone concentrations were normally distributed. Repeatability (r) of male testosterone concentrations was calculated after Lessells and Boag (1987) . Individual testosterone concentration may vary as a result of differences in extrinsic factors at the time of sampling, such as sexual state (fertile or not) of the social mate (Wingfield et al. 1990 ), time of day (Balthazart 1976) , or breeding density (Sasvári et al. 2009 ). At the start of the breeding season, we caught and blood-sampled males during 6 different mornings, the first being 30 April and the last being 12 May. Treating all the resulting testosterone values as having come from the same substage of the breeding cycle (in the text referred to as ''around the fertile period of the social mate'') needs justification. To that purpose, we performed a multilevel generalized linear mixed model (GLMM) with a normal error structure using MlwiN 2.0 (Rasbash et al. 2004) to analyze the effect of the following extrinsic factors on testosterone concentration: day of capture expressed as the number of days before or after the social mate's clutch initiation, time of capture, ambient temperature at capture, opportunities for extrapair activity expressed as the number of fertile females present per male on the day of capture, and breeding density expressed as the number of active nests within 6 m of the own nest. The female fertile period was assumed to last from 6 days before clutch initiation until the day the penultimate egg was laid (Birkhead and Møller 1992) . Extrapair opportunities were calculated at the scale of the barn because in our study population, 1) males never sired EPY outside their own barn, and 2) within the barns, extrapair males often sired young in nests situated a long way from their own nest (Eikenaar C, unpublished data) . Breeding density was measured within 6 m as this was the average distance males had to fly through the barns, and could thus interact with other swallows, to reach their nests. Model selection was based on backward elimination of nonsignificant terms. Reported values are as in the step prior to elimination from the model or as in the final model. By entering barn as a random factor, we accounted for the nonindependence of males breeding in the same barn.
We compared behavioral and morphological variables (tail length, mass, and ventral plumage color) between specific sets of resampled males using GLMMs in MlwiN 2.0. Cuckoldry rate, that is, the proportion of EPY in a male's own brood, was analyzed using a binomial error distribution with a logit link function. By entering the number of offspring in a brood as the denominator, we accounted for the variation in brood size (1-6 nestlings). Because extrapair fertilization success was highly skewed toward males that did not gain EPY, this variable was also analyzed using a binomial error distribution (yes/no EPY) with a logit link function. The denominator was set to 1. Male feeding effort, the total number of offspring produced, and morphological variables were analyzed using a random error distribution. Barn was entered as a random factor in all analyses.
To determine whether male feeding effort (dependent variable) was related to male testosterone concentration during feeding, we performed multilevel GLMMs with a normal error distribution, using MlwiN 2.0. By entering barn and male as random factors, we accounted for the nonindependence of observations from the same barn and multiple observations of the same male. Testosterone concentrations were ln-transformed prior to analyses. We ran 2 analyses: one in which all 3 feeding observation periods of the 22 recaptured males were used (''larger model''), and one using only the 2-h observations made the day before males were recaptured and blood sampled (''smaller model''). In the larger model, the following potentially confounding variables of the relationship between testosterone and feeding were entered into the model: male body mass at recapture, male ventral plumage color, male tail length, cuckoldry rate, that is, the proportion of EPY in the brood, and opportunities for extrapair activity expressed as the number of fertile females present in the barn per male on the day of the observation. To avoid over parameterization, only those variables that showed a significant relationship with male feeding effort in the larger model were entered in the smaller model together with male testosterone concentration. Model selection was based on backward elimination of nonsignificant terms. Reported values are as in the step prior to elimination from the model or as in the final model. Probabilities are 2-tailed in all tests.
RESULTS
Temporal variation in male testosterone concentration
Extrinsic factors
Around the fertile period of the social mate, the variation in male testosterone concentration was not explained by variation in any of the extrinsic factors in our model ( Table 1) . The results did not differ in any significant way when including only the 20 males that were used for the within-male comparison of testosterone across the breeding season. This indicates that all males were sampled in the same stage of the breeding cycle and justifies the within-male comparison of these testosterone concentrations with concentrations during feeding of the nestling. Figure 1 shows the testosterone concentrations of the 20 males that were caught and sampled twice during the breeding cycle of their first nest (day 0 is the day the first egg was laid in each individual nest). Thus, values in the left part of the graph are testosterone concentrations around the fertile period of the social mate, henceforward called the ''mating'' testosterone. Values in the right part are testosterone concentration during nestling feeding, henceforward called ''feeding'' testosterone. There was a trend for individual males' mating testosterone concentration to be higher than their testosterone concentration when feeding young (paired samples t-test: t ¼ 22.06, P ¼ 0.054 and n ¼ 20). Interestingly, there was a lot of variation among males in this pattern. Five of the 20 males had higher testosterone concentrations during feeding than during the mating period, and 1 male had equal testosterone concentrations in the 2 periods (these 6 males are indicated in Figure 1 with letters A-F). Accordingly, the repeatability of male testosterone concentration was low (r ¼ 0.07, F 19,20 ¼ 1.16 and P ¼ 0.37). Males that did and males that did not show a decrease in testosterone between the 2 periods did not differ in morphology (tail length, mass, and ventral plumage color) or feeding effort (all P . 0.72, n ¼ 20). Males that did not decrease testosterone had a higher cuckoldry rate in their first nests than males that did decrease testosterone (b 6 standard error [SE] ¼ 1.29 6 0.53, v 2 ¼ 5.99, P ¼ 0.014, and n ¼ 20). Cuckoldry rates in second nests, however, did not differ between the 2 groups of males nor did the number of EPY they sired in second nests or the total number of offspring produced in the breeding season (all P . 0.2, n ¼ 20).
Within-male variation
The lack of a significant difference in mating and feeding testosterone does not appear to be due to the inclusion of measurements taken relatively early and late in the mating 
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Behavioral Ecology period. When restricting the analysis to only those males whose mating testosterone was measured in the fertile period of their social mate, there was no difference between mating and feeding testosterone (paired samples t-test: t ¼ 21.12, P ¼ 0.28, and n ¼ 13; Figure 2 ).
Testosterone and male feeding effort
Pair members did not appear to compensate for each others' feeding effort; there was a very strong positive correlation between the absolute number of male and female feeding visits per observation (P 0.001 at all 3 [early, halfway, and late] stages in the feeding period). Table 2 presents the relationships between male feeding effort (the number of male feeding visits divided by the total number of feeding visits in an observation) and several male phenotypic traits and social variables. Males contributed less to feeding of the nestlings when there were more fertile females present per male in the barn (Figure 3 ). Male feeding effort was also negatively related with male body mass. In the smaller model, male feeding effort was negatively related with male body mass (b 6 SE ¼ 20.128 6 0.034, v 2 ¼ 14.08, P , 0.001, and n ¼ 22) but was not related with the number of fertile females present per male in the barn (v 2 ¼ 0.001, P ¼ 0.97, and n ¼ 22). Male feeding effort was not related to male testosterone concentration, neither in the larger model (Table 2) nor in the smaller model (v 2 ¼ 0.12, P ¼ 0.73, and n ¼ 22; Figure 4 ). Replacing relative male feeding effort with absolute male feeding effort (number of feeds per hour) in the analyses did not change the results in any significant way.
DISCUSSION
In the analysis including 3 observations of each male's feeding effort, males contributed less to feeding of the nestlings when there were more fertile females present in the barn (Table 2 ). This strongly suggests that male barn swallows in our study population traded paternal effort with extrapair mating effort. We, however, found no evidence for a role of testosterone as a proximate mediator in this trade-off. First, within males, testosterone concentrations tended to be, but were not, significantly higher around the fertile period of the social mate than during feeding of the nestlings. More importantly, we also found that a considerable proportion (30%) of the males showed no decrease but actually an ''increase'' in testosterone from around the fertile period of the social mate to the parental care phase. Second, individual male feeding effort was not related to individual testosterone concentration during feeding. The lack of a relationship was not the result of testosterone concentrations being very low in the period of nestling feeding (see Figure 1) .
Although several papers report to have blood-sampled freeliving males more than once (e.g., Saino and Møller 1994; Pinxten et al. 2007) , typically for each male, only a single testosterone concentration is selected and used for statistical Testosterone concentrations of 20 male barn swallows in relation to the stage in the breeding cycle of their first nest. Each males' testosterone concentration is depicted twice; once around the fertile period of his social mate (left part of the plot) and again during feeding of the nestlings (right part of the plot). Letters indicate the testosterone concentrations of the 6 males that showed no decrease between the 2 periods. The 2 stars connected by the solid line indicate the mean testosterone concentration of the 20 males around the fertile period of their social mates (1.52 ng/ml) and during feeding of the nestlings (0.82 ng/ml). Day 0 is the day the social mate laid the first egg.
Figure 2
Testosterone concentrations of 13 individual male barn swallows that were sampled both in the fertile period of their social mate and when feeding their nestlings. Pairs of testosterone concentrations of each male are connected by a solid line. Table 2 Relationships between male barn swallows feeding effort (the number of male feeding visits divided by the total number of feeding visits in an observation) and testosterone concentration, male body mass, ventral plumage color and tail length, cuckoldry rate, and opportunities for extrapair activity (n ¼ 65) Cuckoldry rate was expressed as the proportion of EPY in the brood, and opportunities for extrapair activity as the number of fertile females present in the barn per male on the day of the observation. Summaries derived from the mixed modeling procedure in MLwiN. df, degrees of freedom. analysis and graphical presentation. Our study, however, clearly shows that seasonal testosterone profiles can differ dramatically among males. This finding is in agreement with the handful of previous studies that also report repeated testosterone measurements of the same males in different stages of the breeding cycle. Beletsky et al. (1989) found that, in redwinged blackbirds, not all males' testosterone profiles rigidly follow the population mean. Jawor et al. (2006) found that, in dark-eyed juncos, individual male testosterone concentrations are not repeatable between different stages of breeding. Magee et al. (2006) showed that individual male testosterone concentration of bluegill sunfish can either increase or decrease from the egg stage to the fry stage. Taken together, our study and these previous findings indicate that linking the occurrence of certain behaviors to population averages of hormone levels can be misleading. To better understand the proximate role of hormones in life-history trade-offs, studies should not only be directed at population averages but also at individual hormone profiles.
By determining individual hormone profiles, we discovered 2 contrasting patterns; some males did, and other males did not decrease testosterone from around the fertile period of the social mate to the parental care phase (Figures 1 and 2) . Interestingly, males that did not decrease testosterone between the 2 periods had a higher cuckoldry rate in their first nests than males that did decrease testosterone. It is intuitively appealing to suggest this difference exists because cuckolded males elevated their testosterone in order to be better able to protect their paternity in the second nest or to gain more EPY themselves in second nests of other males. Another explanation may be that males that lost much of their parentage probably had many encounters with rival males during the period of mate guarding, which resulted in elevated testosterone during feeding. Neither of these explanations, however, makes much sense in the light of the findings of the current and a previous study, we conducted on the same population. The first explanation implies that males have some idea of the degree of infidelity of their mate. This seems unlikely, as the proportion of EPY in a nest did not affect male feeding effort (Table 2) . Also, males that that did not decrease testosterone were not better at protecting their paternity in their second nest nor did they achieve more EPY in other males' second nests than males that did decrease testosterone (see RESULTS). This was to be expectedbecause another study in this population found that male testosterone concentration did not predict within or extrapair fertilization success (Eikenaar C, Whitham M, Moore IT, unpublished data) . Regarding the second explanation, a high encounter rate with rival males should have resulted in elevated testosterone concentrations in the period of mate guarding, which is tightly linked to the period that the female is fertile. Clearly, this did not happen (see males A-F in Figure 1) .
In bluegill sunfish, elevated male testosterone during care appears to mediate renesting potential rather than paternal behavior (Magee et al. 2006; Neff and Knapp 2009) . However, in our study, elevated testosterone during care is unlikely to be associated with renesting potential because nearly all males renested after their first brood fledged. Why, in our study, male seasonal testosterone profiles varied dramatically remains to be answered.
Our finding that individual male feeding effort was not related to individual testosterone concentration during feeding contrasts with the observation that in European barn swallows testosterone implants reduce male feeding effort (Saino and Møller 1995) . Similarly, in dark-eyed juncos and European starlings, male feeding effort was reduced in testosterone implanted males De Ridder et al. 2000) but not correlated with endogenous testosterone during nestling feeding (McGlothlin et al. 2007; Pinxten et al. 2007 ). In the dark-eyed juncos, male feeding rate was, however, negatively correlated with the magnitude of increase in testosterone after GnRH injection (McGlothlin et al. 2007 ). Discrepancies in the relationships between paternal behavior and either endogenous or exogenous testosterone are not limited to birds. Similar to paternal bird species, male Puerto Rican coquí frogs provide extensive paternal care and show a strong decline in plasma testosterone concentration during the parental phase (Townsend and Moger 1987) . However, testosterone implants have no effect on paternal care in this species (Townsend et al. 1991) . In California mice (Peromyscus californicus), endogenous testosterone concentrations are not different between parental (fathers) and nonparental (virgin)
Figure 3
Male barn swallow feeding effort in relation to the number of fertile females present per male in the barn. Plotted are the results from 3 observations on feeding effort of 22 males. The 3 observations were conducted early (oldest nestling 6-8 days old), midway (d10-12), and late (d14-15) in the feeding period of each male. The regression line indicates the negative relationship between male feeding effort and the number of fertile females present.
Figure 4
Male barn swallow feeding effort in relation to male testosterone concentration during nestling feeding. Feeding effort was calculated as the number of male feeding visits divided by the total number of feeding visits observed in a 2-h observation made the day before testosterone samples were taken. N ¼ 22.
males (Gubernick and Nelson 1989) . However, Trainor and Marler (2001) showed that, in the same species, testosterone implants increase paternal care in castrated males. Given the inconsistency of results from observation and experiment, it would be very interesting to collect observational data on other species in which experimental testosterone implants have been shown to reduce male feeding effort. Another incentive to collect observational data is that this may be more informative regarding the role of testosterone as a proximate mediator in the paternal effort-mating effort trade-off than testosterone implant experiments. The reason for this is that a classic testosterone implant experiment does not take into account the enormous variation in testosterone concentration that exists among males, even within the same breeding stage. In other words, they fail to study the (proximate) resolution of the trade-off at the level of the individual as typically the (feeding) behavior of a testosterone-enhanced group of males is compared with that of a control group. Taking into account individual variation in testosterone concentration is important as selection acts at the level of the individual. Therefore, to understand how selection has shaped temporal testosterone profiles, it is crucial to study the relationship between testosterone and traits contributing to fitness at the level of the individual (Williams 2008) . Moreover, testosterone implants usually raise endogenous concentrations as high as the population maximum observed around territory defense and egg laying (e.g., Saino and Møller 1995; Van Roo et al. 2004; Lynn et al. 2009 ). This means that for the large majority of testosterone implanted males, their feeding testosterone concentration is many times higher than their peak endogenous concentration. Consequently, it may be difficult to interpret the behavior associated with these artificially high testosterone concentrations (Adkins-Regan 1995). To complement observational data, a better but logistically more challenging implant experiment would be to quantify the (feeding) behavior of the same individual before and after a treatment in which testosterone is increased to each individual's peak concentration. It is worth noting that one of the few studies to quantify feeding effort of individual males before and after a treatment did not observe a difference in feeding effort between testosterone and control-implanted individuals (Van Duyse et al. 2000) .
If not testosterone, what does mediate the paternal effortmating effort trade-off? Most likely a multitude of intrinsic and extrinsic factors jointly influence the resolution of this trade-off by affecting the benefits of either mating or paternal effort (Magrath and Komdeur 2003) . Our results, for example, indicate that an increase in opportunities to pursue extrapair matings negatively affects paternal effort, probably because the benefits of mating effort are increased. Food availability may also affect male effort to attract additional mates. For example, in some biparental burying beetles (Nicrophorus spp.), males try to attract additional females when the carcass they buried to supply food for their developing young is large enough to support more than the brood of 1 female (Trumbo and Eggert 1994) . As a last example, the energetic requirements of a brood could also influence the paternal effort-mating effort trade-off. In species, where male care is critical to the survival of nestlings (essential care hypothesis; e.g., Lynn et al. 2005) , the benefits of paternal effort are expected to greatly outweigh the benefits of mating effort. Consequently, males of these species may invest little of their resources in pursuing additional matings. Future (experimental) studies into the paternal effort-mating effort trade-off should take into account the idea that it is unlikely a single factor that determines the resolution of this trade-off.
In conclusion, our study indicates that, at least in North American barn swallows, endogenous testosterone is not a key mediator in the paternal effort-mating effort trade-off. Our findings stress that, to understand how selection has shaped temporal testosterone profiles, it is crucial to study the relationship between testosterone and traits contributing to fitness at the level of the individual. Moreover, our observation that a considerable proportion of males showed no decrease in testosterone concentration from around the fertile period of the social mate to the feeding period warrants an increased effort to resample males in different stages of the breeding cycle.
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